Previous studies have shown that hand actions to visual objects are affected both by perceptual factors and by action goals. Our aim was to study how these processes affected hand actions in chronic stroke patients, based on whether they had limb apraxia. Twenty-two left hemisphere, chronic stroke patients were measured on neuropsychological tasks of limb apraxia, which was identified in a subgroup of 10 patients. All patients underwent testing on a separate task of making simple reach and grasp actions to a cup. Their performance was compared to a group of 18 healthy age-matched volunteers. Participants were instructed to grasp the top or bottom of a cup to either lift or turn it over so as to end with a hand position that was either comfortable or uncomfortable. This task tested the influence of the compatibility of hand-cup orientation, as well as goals driven by the end-state comfort of the hand, on action selection for object manipulation. Participants' performance was measured in terms of error rates, and speed of initiation and reaching (movement time) to the object. The patients' performance was significantly delayed, and error rates increased when reaching to grasp a cup under conditions of poor compatibility and end-state comfort. The subgroup of patients with apraxia showed a decreased influence of compatibility of hand interaction with the cup, with increased error rates and delayed response times, compared to patients with no apraxia and healthy volunteers. This is despite the fact they did not display significant deficits on neuropsychological tasks of real object use. The study shows that patients with apraxia have difficulties in selecting elements of object-directed actions, pertaining to both habitual and goal-directed factors.
INTRODUCTION
A large number of movements can be used to achieve a goal, such as grasping to move an object. However, studies have demonstrated that skilled actions, such as object manipulation, are often stereotyped (Keele, 1968; Harris and Wolpert, 1998) .
Two main factors driving object manipulation include features relating to the object's and the environment's properties [such as its shape, position, and size (Jeannerod, 1994) ], as well as what one intends to do with the object, namely, action "goals" (Marteniuk et al., 1987; Rosenbaum et al., 2006) . The latter rely on an evaluation of expected outcomes (Rosenbaum et al., 2006; Grafton and Hamilton, 2007) .
Most studies examining the perceptual effects of object properties on hand actions have identified stimulus-response compatibility effects. Gibson (1979) introduced the concept of "affordance." This described how visual properties of objects, or the environment, can give rise to action representations, depending on contextual demands of the task. "Affordances" link graspable features of an object and an independent action elicited in a task. In a seminal study, participants responded faster if the orientation of the handle on an object was compatible with the hand used to respond, in a task in which they had to make right-or left-finger presses according to whether objects in pictures were depicted as upright or inverted (Tucker and Ellis, 1998) . This is despite the fact that they were not required to make a judgment about the handle orientation. Other studies have replicated this effect (Ellis and Tucker, 2000; Bub and Masson, 2010) .
The effect of action outcomes on object manipulations has been described using a phenomenon named "end-state comfort" effect (Rosenbaum et al., 1990 (Rosenbaum et al., , 1992 . This reflects the preference for participants to select uncomfortable grip postures at the start of an action toward an object, in order to end in a comfortable posture. This effect most likely reflects a bias on the choice of one action in the face of an overwhelming number of possible others, when reaching to grasp an object (Wolpert and Miall, 1996) .
Although previously these two factors were studied in isolation, recent investigations have looked at both combined Butz, 2011, 2015; Herbort et al., 2017; Rounis et al., 2017) . Herbort and Butz (2011) and Rounis et al. (2017) investigated the effect of turning a cup either with the thumb positioned toward its top (lip) or with a thumb positioned in the opposite direction. Both studies identified an 'End-state comfort' effect indicating a preference for turns that started with an inverted (or pronated) grasp to end comfortably (in a supinated) grasp. However, this effect was mitigated by an "affordance" effect measured either in the choice of grasping the cup from its lip, even though it would result in an uncomfortable end state, for example, when the cup was upright in the Herbort and Butz (2011) study, or in mitigating the end-state comfort effect measured using response and movement times (MTs) in "afforded" actions (Rounis et al., 2017) . Further studies have demonstrated the effect of affordances trumping the end-state comfort effects, suggesting that habitual actions provided by the former exert a separate influence on goal-directed planning (Herbort et al., 2017) .
Limb apraxia is a disorder of skilled action that does not result from motor weakness, incoordination, incomprehension, or sensory impairment, following an acquired brain lesion, such as a stroke. Traditional theories of the disorder distinguish between "ideational" and "ideomotor" apraxia. In the former, patients lose the ability to represent an action conceptually and display difficulties in knowing how to use an object, despite being able to name it and knowing its function. In the latter, more common condition, actions are conceptually correct but implemented poorly. Patients with ideomotor apraxia are unable to imitate meaningless gestures and show spatiotemporal errors in pantomiming or using objects (Sirigu et al., 1995; Buxbaum et al., 2003) .
Previous investigations of patients with ideomotor apraxia have hypothesized deficits in selecting among competing actions relating to "affordances" (Buxbaum et al., 2003; Jax and Buxbaum, 2013; Buxbaum, 2014, 2015; Rounis and Humphreys, 2015) . This is further supported by neuropsychological findings in which patients often overrely on affordances at the expense of goal-directed behavior (Riddoch et al., 1989; Osiurak et al., 2008a,b) .
We developed a new experimental procedure to assess the interplay between the compatibility of object features and goaldirected influence in the form of hand posture preferences at the end of the action, during motor planning using the task described in Rounis et al. (2017) . We varied the compatibility of the initial start posture of the hand with the physical properties of a target object and the preferred end posture for the action (whether it was comfortable or uncomfortable). A group of patients with and without apraxia, and a group of healthy age-matched participants were instructed to either lift or turn a cup presented in front of them by grasping it from a specified position (namely, its lip, which corresponded to the open end of the object that could be filled, or its bottom, which corresponded to the closed end). The cup itself was placed in an upright orientation in one half of the trials or upside down in the other half. This led to four possible actions: lift with a supinated grasp or lift with a pronated grasp and turn with a supinated grasp, ending in a pronated (uncomfortable) posture, or turn with a pronated grasp, ending with a supinated (comfortable) posture.
We hypothesized that there would be dissociable effects of (i) an initial grasp preference, or "compatibility, " and (ii) an end-state comfort effect, related to whether the posture of the hand at the end of the task was comfortable or not, in healthy volunteers and patients with and without apraxia. This would be demonstrated if patients with and without apraxia displayed differences in the compatibility and end-state comfort effects compared to healthy volunteers. Previous literature would suggest that patients with apraxia would be impaired in actions that were not compatible (Osiurak et al., 2008b; Lee et al., 2014) .
MATERIALS AND METHODS

Participants
Twenty-two, left hemisphere chronic (>1 year) stroke patients (16 males, 6 females) aged between 25 and 79 years (mean age, 56.6 years) took part in the study. They had suffered their first ever stroke more than 1 year ago (mean time since stroke: 20.4 months). Details of the patient demographics are provided in Table 1 .
An additional 18 healthy volunteers (10 males, 8 females) aged between 24 and 77 years (mean age, 58.9 years) with no history of any neurological and psychiatric illnesses took part in the study.
Written informed consent was obtained from all participants taking part in the study, which was approved by the Health Research Authority, South Central -Berkshire Ethics Committee. Patients with ideomotor apraxia have been highlighted in bold. R = Right hand, L = Left hand, and All scores were normalized out of 100.
Participants attended the Cognitive Neuropsychology Centre at the Department of Psychology, University of Oxford, for two separate sessions. In the first session, they underwent detailed neuropsychological testing of apraxia and cognitive function. In the second session, they undertook a behavioral task, involving cup manipulation.
All participants were right handed (Oldfield, 1971) . Patients used their dominant hand or, if they had hemiparesis, their unaffected hand, to complete the task. A total of 11 out of 22 patients used their left hand due to hemiparesis. The remaining patients and healthy volunteers used their right hand for the performance of all tasks in this study. The degree of impairment caused by stroke was formally assessed using the Action Research Arm Test (ARAT) scale (Lyle, 1981) .
Neuropsychological Testing
Participants taking part in the study underwent cognitive screening and assessment of praxis deficits. We report the neuropsychological data of praxis deficits from screening using three tasks, which were derived from the Birmingham Cognitive screen. These comprised a meaningless gesture imitation task, a gesture production, and a gesture recognition task.
Meaningless Gesture Imitation
The meaningless gesture imitation task was derived from the apraxia testing section of the Birmingham Cognitive Screening tool, version 2 . The task required imitation of 10 non-symbolic gestures using the subject's least paretic hand (see above), all of which required holding a static position after demonstration by the experimenter. The test consisted of four gestures involving whole-hand movements and six involving independent finger movements. They were performed slowly by the experimenter in front of the participants for them to reproduce immediately afterward. If an item was not reproduced flawlessly on the first presentation, a second trial was given. The participants' performance was video-recorded and assessed by two separate assessors.
Patients scored 2, 1, and 0 depending on whether their imitation was correct on the first or second presentations or never succeeded. This led to a scoring out of 8 for the hand gestures and out of 12 for the finger gestures, with the total score being out of 20.
Gesture Production
The gesture production task involved pantomime of a total of six gestures (three transitive, involving pantomime of object use, e.g., "show me how you would brush your teeth, using a toothbrush in your hand"; three intransitive, involving pantomime of a familiar gesture to verbal command that does not require object use, e.g., "show me how you stop traffic"). The test included bodycentered (salute, using a glass), non-body-centered (stop, using a salt cellar), repetitive (hitch hiking, using a hammer), and nonrepetitive (stop, using a glass) actions. All actions can be carried out as a single step sequence. Patients were allowed a maximum of 15 s per item to respond and were asked to execute the action once. Two points were given for a correct and accurate gesture; 1 point was given for a recognizable but inaccurate gesture (e.g., including spatial and/or movement errors); and 0 points were given for no response after 15 s, an unrecognizable response, or perseveration from previous gestures. The final sum score (maximum, 12) was used in the analyses.
Gesture Recognition
In the gesture recognition task, the examiner produced six actions that patients had to recognize: three transitive (using a cup, using a key, using a lighter) and three intransitive (come over, good, goodbye) actions. The examiner showed each gesture while the patients had to select the action being performed from a multiplechoice list, which included four alternative responses for each action. The four alternatives for each action corresponded to: (1) the correct action (e.g., using a lighter), (2) a semantically related action (using a match), (3) a visually related action (using a gun), and (4) an unrelated action (using a torch). The patients were allowed a maximum of 15 s per item to respond. and they were given 1 point for each correct response. The final sum score (maximum, 6) was used in the analyses.
The data from both transitive and intransitive gestures in these tasks were entered together as a composite measure.
Single-Object Use
The single-object use task was aimed at identifying patients with ideational apraxia. Patients were presented with one of six objects individually, one at a time (a torch, a straw, a comb, a nail clipper, a screwdriver, and matches). They were asked to demonstrate the use of each of these with the object at hand. The patients were allowed a maximum of 15 s per item to respond. Two points were given for a correct and accurate gesture; 1 point was given for a recognizable but inaccurate gesture (e.g., including spatial and/or movement errors); and 0 points were given for no response after 15 s, an unrecognizable response, or perseveration from previous gestures. The final sum score (maximum, 12) was used in the analyses. Of note as there were no normative data to establish cutoff scores, we compared the performances of patients and healthy volunteers on this task using a paired-sample t-test (assuming unequal variance). Table 2 shows the praxis task cutoff scores for tasks of ideomotor apraxia from the Birmingham Cognitive Screening program, based on fifth percentile across age groups in percent estimates of the score (from Humphreys et al., 2012) . Patients were characterized as having ideomotor apraxia if they scored below any of the cutoff scores of gesture production and the imitation of meaningless gesture tasks (Buxbaum, 2001; Buxbaum et al., 2003) . Patients' hand gestures were videotaped and saved anonymously. They were scored offline by two independent assessors (ER and GP). None of the stroke patients had a formal diagnosis of ideomotor apraxia known to the assessors.
Other Comparisons
We performed additional comparisons by correlating apraxic deficits with motor impairment measures on the ARAT score of the paretic hand (see Table 1 ), as well as with constructional apraxia using the Rey-Osterrieth figure copy test (Rey, 1941; Osterrieth, 1944) looking for any presence of visuospatial deficits in patients. Correlation analyses used Spearmann's rho and Bonferroni correction for multiple comparisons with a corrected p < 0.05 considered as significant.
Behavioral Study: Object Manipulation Task
To assess the interplay between the compatibility of object features and hand posture preferences during motor planning, we used a new experimental procedure. This has been described in a previous study (Rounis et al., 2017) .
This task involves the manipulation of a familiar object, namely, a cup, in which we varied the compatibility of the initial start posture of the hand with the orientation of the object. The former manipulation was indicated by specifying the position to be grasped on the cup and determined the preferred end posture for the action (whether it was comfortable, usually when ending in a supinated position, or uncomfortable, when ending in a pronated position). The latter manipulation determined the TABLE 2 | Praxis task cutoff scores, according to age .
Age range (Number of controls tested)
Gesture production 83% 83% 83%
Gesture recognition 83% 83% 67%
Gesture imitation 75% 75% 75%
physical properties of our target object by presenting the cup in its upright position, which is favorable for object use as the open end of the cup was "up, " or upside-down position. The goal of the action, provided with a verbal instruction, was to either lift or turn the cup, which resulted in different action outcomes, based on the end-state comfort effect.
Materials
A cup with no handle ("bodum" cup; Figure 1 ) was used as the target object in this experiment. The cup dimensions were as follows: 50 mm wide at its base, 98 mm wide at its top, and 118 mm in height, and it weighed 270 g. The center of mass of the cup was located 9.8 cm from its base. It was placed at the center of a wooden platform measuring 20 × 10 cm that sat on top of a cedrus response box 30 cm in front of the participants. On 50% of the trials, the cup was upright, and in the remaining 50%, it was oriented upside down.
Task
Participants used their dominant (right) hand to perform this task. In the case of hemiparesis, patients used their non-dominant hand. A total of 11 patients used their left hand to complete the task. Their hand rested on a keyboard at baseline, between trials. A trial started with the opening of liquid crystal "PLATO" spectacles (Translucent Technologies, Toronto, ON, Canada). This allowed for the timely visualization of the object on the pad.
A simultaneous verbal auditory instruction triggered from the computer, lasting 1 s indicated the action to be performed on the cup. The action was either to "lift" or to "turn" the cup (50% of the trials were allocated for each instruction, respectively). A green horizontal line on the cup specified the initial hand posture to be used. If the line was at the top, participants had to grasp the cup using a supinated wrist posture, with their thumb facing "up." If the line was placed at the bottom, participants were instructed to grasp the cup using a pronated wrist posture, with their thumb facing "down." In each case, participants were asked to align their thumb and forefinger with the line. These grasps were made independent of the cup orientation. Hence, in 50% of the trials, the initial wrist posture was congruent with the cup orientation (if the line was on the same side as the open end of the cup), and this was the case whether the cup was in its upright position (in which case, the line was on the side of the open end of the cup and the grip was supinated) or upside down (in which case, the grip was pronated). We carefully designed our cup selection task so that stimuli were presented vertically rather than horizontally (we used a cup with no handles). This was to prevent a possible confound of visuospatial attention. Previous studies have used central stimuli to distinguish motor attention from visuospatial attention (Rounis et al., 2007) . The two are separable both in terms of their anatomical localization (motor attention is lateralized to the left and centered in the supramarginal gyrus) and in terms of its function in orienting attention in a limbcentered representation of space (Rushworth et al., 2001; Rounis et al., 2007; Rinne et al., 2018) .
The action, either to lift or turn the cup, determined the final end posture, which was again either pronated or supinated depending on the initial grip instruction and the action.
FIGURE 1 | Conditions and task. The top panel shows the eight task conditions. Participants were asked to "lift" or "turn" a cup by grasping it from the green line marking. In half of the trials, this marking was compatible with the familiar way of grasping a cup (with the thumb pointing toward its open end), and in the other half, it was in the opposite (closed end) of the cup. The end-state comfort depended on the initial hand position and action performed. It was either comfortable (meaning that the thumb was oriented up at the end of the action) or uncomfortable (thumb oriented down). The bottom panel shows the time course of a trial. Participants started with their hand resting on a keyboard. The initiation times represented the time between opening of the glasses, which coincided with a verbal cue indicating the action (to lift or turn the cup), and the time of lift-off of the hand from its resting position on the keyboard. The movement durations represented the time between lift-off of the hand and the time to lift the object from its pad, to carry out the action. This represented the time reaching to grasp the cup. Please note that the individuals present in the figure gave informed consent to have this image published.
When the action was completed, participants returned their hand to the resting position, which led to the closure of the PLATO spectacles. Performance of this task was under full direct vision, and the spectacles only closed after completion of the action and upon return to the resting position. They therefore remained open for the action for an average of 4 s (±0.5 s). Participants were asked to complete their action as quickly and as accurately as possible.
The experiment was programmed on Matlab 2014b using Psychtoolbox version 3.0, triggered from a Windows PC. The experimenter recorded errors or adjustments in the grasp position and changed the cup condition for the next trial. The movements performed on each individual trial were videorecorded and reviewed offline, to assess the movement accuracy. Post hoc analyses of the movements revealed that the cups were lifted on average 10.5 cm from the platform for "lift" actions and 10.7 cm from the platform for "turn" actions.
All trial types (grasp top or bottom of the cup, lift or turn) were presented in a pseudorandom order in a total of 17 miniblocks, to ensure that all trial conditions were repeated the same number of times, for averaging. Each miniblock consisted of one trial from each of the eight trial conditions. The first set of miniblocks was always eliminated from the analysis. The total number of trials per session was 136, of which the first 8 were discarded, so only 128 were analyzed for each participant.
This arrangement allowed us to measure response times at two time points, reflecting movement preparation for the action performed in this task. The initiation time measured the time between the stimulus onset (corresponding to the opening of "PLATO" goggles allowing viewing of the cup and verbal instruction) and the time at which the participants lifted their hand from the resting position on the spacebar to initiate an action toward the cup. The movement duration was the time between the release of the spacebar and the lift of the object from the platform, measured by the trigger of buttons from the cedrus box on which the platform was positioned (Figure 1, bottom panel) .
The choice of these timings was based on results from our previous study in Rounis et al. (2017) , in which we observed different effects of affordance and end-state comfort. The initiation times represented planning during which participants likely make a decision about which action to perform and how to implement it (Welford, 1968; Wong et al., 2015) . The MT measured the reach to grasp the object, reflecting effector-based movement implementation (Cisek, 2005; Bub and Masson, 2010) .
Data Analysis
Any errors were recorded by the experimenter using a graphical user interface. In addition, correct response latencies lower than 200 ms or longer than 3500 ms for initiation times were excluded as outliers. The lower and upper bounds chosen for these time points were set so that no more than 0.5% of correct responses were excluded either due to being classified as a false start or as an unusually prolonged response [see Ulrich and Miller (1994) ; Bub and Masson (2010) for a similar approach].
We hypothesized that actions with the initial grasp oriented toward its open end (or its lip) would be faster than a grasp to the closed end of the cup, as observed in our previous study (Rounis et al., 2017) . For an upright cup, this would correspond to a supinated grasp; and for a cup oriented down, a pronated grasp (Figure 1 ). This concurs with previous studies that have shown that participants are more likely to choose a hand orientation appropriate for the object's use (Creem and Proffitt, 2001; Herbort and Butz, 2011) .
The correct responses for errors and for each time point (initiation and movement durations) were submitted to separate analyses of variance (ANOVAs) using IBM SPSS Statistic 22 for Windows software (SPSS Inc., Chicago, IL, United States). The type I error rate was set at 0.05 for the analyses reported here. Greenhouse-Geisser correction for degrees of freedom was used when assumption of sphericity was not met. Interaction effects were evaluated with paired t-tests (p < 0.05 or p = 0.05), assuming equal variance within group and unequal variance for between-group comparisons.
A mixed-model, nested ANOVA was used to identify betweensubject effects of GROUP (with three levels: 10 left hemisphere patients with, 12 without apraxia, and 18 healthy volunteers), investigating the three within-subject factors (with two levels each), as reported in our previous study (Rounis et al., 2017) . These included COMPATIBILITY (previously referred to as an initial grasp preference (or "affordance") for positioning the thumb toward the cup's open end), ACTION (which determined whether the task was to "lift" or to "turn" the cup), and the END-STATE COMFORT of the hand after the action is completed [the end state being comfortable ("thumb up") or not ("thumb down")]. Figure 1 shows the task conditions and experimental setup. Table 3 outlines the behavioral results on this study for each patient category and task conditions, summarized in terms of compatibility and end state comfort effects.
RESULTS
Neuropsychological Tasks
A total of 10 out of 22 left hemisphere stroke patients performed below the cutoff scores on assessments of gesture production and meaningless gesture imitation, indicating ideomotor apraxia. There was a complete agreement between the raters in defining those patients who had ideomotor apraxia (Cohen's kappa = 1). The patient results are reported in Table 1 .
Performance on the single-object use task revealed no significant differences between patients (average score = 11.64, SEM = 0.16) and healthy volunteers (average score = 11.94, SEM = 0.05, t = -1.8, p = 0.08).
We found that the level of stroke impairment on the hemiparetic hand measured with ARAT significantly correlated with gesture production (rho 22 = 0.520, p = 0.004), meaningless gesture imitation (rho 22 = 0.556, p = 0.002), and the gesture recognition task (rho 22 = 0.416, p = 0.018).
Comparisons between results in the Rey-Osterrieth figure copy task (subdivided in total score as well as subscores for left-, middle-, and right-sided copies) and each of the praxis tasks revealed no significant correlations between the two (p > 0.1).
Behavioral Task Error Rates
Healthy volunteers made a total of 3.03% errors, and stroke patients made a total of 17.86% errors. Error trials were discarded from reaction time and MT analyses (70 out of 2304 trials in healthy volunteers, 503 out of 2816 in stroke patients). Of note, a review of error types identified that most errors related to incorrect or adjustments in grasp [with <0.04% of errors relating to other factors such as incorrect initiation or action (lifting instead of turning)]. Due to insufficient numbers in categories other than grasp errors, errors were combined and analyzed according to trial condition rather than error type.
Error rates, and initiation time and MT were submitted into three separate mixed-model nested ANOVA, with a betweensubject factor of GROUP (three levels: healthy volunteers and left hemisphere stroke patients WITH and WITHOUT apraxia) and within-subject factors of COMPATIBILITY (two levels: with the initial hand posture matching the object orientation, with the thumb orientation toward the lip of the cup), ACTION (two levels: lift versus turn), and END-STATE COMFORT (two levels: starting with a pronated to end in a supinated, comfortable grasp, or starting with a supinated grasp to end in a pronated, uncomfortable one).
The analysis on error rates revealed the main effects of COMPATIBILITY [F(1,37) = 17.2, h 2 = 0.32, p < 0.0001], with on average 2.75 more errors on incompatible than on compatible trials. There was also a significant effect of END-STATE COMFORT [F(1,37) = 26.1, h 2 = 0.41, p < 0.0001], with on average 7.35 more errors on trials that ended uncomfortably than those ending comfortably. The main effect of ACTION was not significant [F(1,37) = 0.15, h 2 = 0.004, p = 0.7]. These significant main effects interacted with the between-subject factor of GROUP, leading to significant GROUP by COMPATIBILITY 
Initiation Times
The analyses on initiation times revealed the significant main effects of COMPATIBILITY [F(1,37) = 7.03, h 2 = 0.16, p = 0.01], indicating that compatible trials were initiated 30.5 ms (SEM = 2.9 ms) more rapidly than incompatible trials. The main effects of ACTION [F(1,37) = 10.12, h 2 = 0.21, Ms, milliseconds, SEM, standard error of the mean.
FIGURE 2 | Error rates -interactions by group. The left panel demonstrates the compatibility by group interaction, indicating that the error difference for incompatible trials was more significant in patients compared to healthy volunteers, particularly if they suffered from ideomotor apraxia. The right panel demonstrates the end-state comfort effect on error rate differences between groups, which were significantly more elevated for patients, particularly those with ideomotor apraxia, compared to healthy volunteers. * p < 0.05. The group by end-comfort interaction in the left panel indicated that initiation times for actions that ended uncomfortably were longer than those for the ones that ended comfortably, particularly in patients with ideomotor apraxia, compared to patients without apraxia and healthy volunteers. The action by end-state comfort interaction indicated in the right panel was due to prolonged initiation times for actions ending uncomfortably in lift actions, when there was no significant difference in initiation times for turn actions whether they ended comfortably or not. * p < 0.05, * * p < 0.001. The former interaction reflected the difference in end-state comfort advantage on MTs between lift and turn actions. Post hoc t-tests revealed that in lift actions, MTs were on average 229 ms (SEM = 12.5 ms) shorter if they ended comfortably (t 39 = -9.8, p < 0.0001); whereas in turn actions, there was no significant END-STATE COMFORT effect on MTs (t 39 = 0.8, p > 0.1).
The COMPATIBILITY by ACTION interaction arose because there was no effect of compatibility on MTs for lift actions (t 39 = -1.5, p > 0.1), whereas there was a significant effect of compatibility on turn actions (t 39 = -3.04, p = 0.004).
There were also significant three-way COMPATIBILTY by ACTION by END-STATE COMFORT [F(1,37) = 14.18, h 2 = 0.28, p = 0.001] and four-way interactions of GROUP by COMPATIBILTY by ACTION by END-STATE COMFORT [F(2,37) = 6.42, h 2 = 0.26, p = 0.004].
The post hoc analyses for these are reported in the Supplementary Material and are shown in Figure 4 .
DISCUSSION
This study investigated factors influencing motor planning and performance when grasping to manipulate a familiar object in healthy volunteers and left hemisphere stroke patients with and without apraxia. We identified that both factors relating to perceptual processing of the object ("compatibility") and the ones that related to action outcomes, in this case determined by the "end-state comfort" effect, were differentially modulated during task performance in patients with apraxia following a stroke. We identified these differences using measures of motor preparation and performance.
In the sections below, we outline our main findings and discuss these in relation to traditional models of apraxia and brain mechanisms underpinning the disorder.
Deficits in Integrating Perceptual Knowledge During Goal-Directed Actions in Apraxia
Our study identified differences in performance, measured using error rates and speed of movement, between healthy volunteers and stroke patients with and without apraxia. Error rates and initiation times were more elevated in stroke patients compared to healthy volunteers.
A study by Belanger et al. (1996) demonstrated that, when testing patients on neuropsychological tasks, apraxic deficits related not to the categories of praxis tasks but to task difficulty. This effect was independent of movement type or methods of movement elicitation. Our study supports these findings in that we identified that praxis deficits in our patient cohort significantly correlated with severity of impairment following their stroke, measured on the "ARAT" scale.
However, our results go further than that. We observed that patients with apraxia showed deficits that were specific when they manipulated a common object. This is despite the fact that they showed near-normal performance when grasping objects on apraxia screening tasks.
Stroke patients with and without apraxia made significantly more errors and were slower at initiating actions for trials that ended uncomfortably compared to the ones that ended comfortably, compared to healthy volunteers. This would support a generic deficit in completing actions for which the outcome was difficult or unrewarding, such as when ending in an uncomfortable hand position.
In addition, patients with apraxia made more errors on incompatible trials. There was a significant modulation of the degree of sensitivity of response-outcome (end-state comfort) FIGURE 4 | Movement times -interactions by group and three-way interaction of compatibility by action by end-state comfort effects. The top panel demonstrates the group by compatibility and end-state comfort effects in MTs, which reflect a similar process to what was described for error rates in Figure 2 . The bottom panel describes the compatibility by action by end-comfort interaction identified for MTs. This arose because of a significant difference in end-state comfort effects for lift compared to turn actions in compatible trials, which was only present in lift, and not turn, actions, in incompatible trials. The four-way interaction identified that the effect in compatible trials was driven by patients with ideomotor apraxia, indicating an increased sensitivity to end-state comfort effects in compatible trials for these patients. * p < 0.05, * * p < 0.001, and * * * p < 0.0001.
effects measured during MTs, by compatibility of the initial hand position with the object, and action type (lift or turn). In compatible trials, there were no significant differences in MTs between turn actions that ended comfortably and uncomfortably in healthy volunteers and patients with no apraxia. However, in patients with apraxia, MTs were paradoxically shorter for turns that ended uncomfortably compared to the ones that ended comfortably. This was because they displayed an increased cost in inverting their grasp to reach the cup, despite the action leading to a preferred action outcome. This result suggests that in patients with apraxia, the action goal was trumped by the biomechanical requirement of the turn action, which was easier, in the uncomfortable end-state condition compared to the comfortable one. Moreover, patients with apraxia showed delayed MTs for actions that were not compatible even when they ended comfortably, suggesting an overreliance on compatibility at the expense of the end-state comfort effect in these patients.
Comparisons of Performance in This Task With Traditional Theories of the Disorder
Traditional theories of apraxia distinguish patients based on deficits they show in neuropsychological tasks. "Ideational" apraxia can be tested by demonstrating deficits in single-object use, or in sequencing errors in multiobject use (Poeck, 1986) . "Ideomotor" apraxia can be elicited by asking patients to imitate gestures and by demonstrating spatiotemporal errors (rather than errors of content) when patients are asked to pantomime or use objects (Wheaton and Hallett, 2007) . Cognitive models of the disorder conjecture separable underlying mechanisms for these types of deficits: one requires semantic processing of gestures based on knowledge, and the other requires implementation of gestures based on structural-mechanical problem solving. Nevertheless, these subdivisions have failed to fully explain the disorder, with some authors arguing that these represent one and the same problem, leading to the use of inconsistent terminology (Buxbaum, 2001; Hanna-Pladdy and Rothi, 2001) .
As in other studies, we did not find deficits that would be predicted based on this dichotomy. We discuss below how deficits in ideational or ideomotor apraxia would be anticipated to influence our results, and reasons for identifying both types in our task, which we attribute to deficits in incorporating affordances in a "hierarchy of goals" framework (Bekkering et al., 2005) . elicit how an object can be grasped from its structure (Hodges et al., 1999) , while having deficits in identifying or eliciting appropriate actions relating to their use (Hodges et al., 2000; Bozeat et al., 2002) . These deficits can be viewed as problems in identifying and implementing action "goals." In multiobject use tasks, these problems could be confounded by an inability to sequence and task difficulty (Belanger et al., 1996; Hanna-Pladdy and Rothi, 2001) .
In our task, we would predict that if our patients had ideational deficits, they would show impairments in processing the end-state comfort effect. One possibility would be that patients with a deficit in this task condition might show an inability to differentiate comfortable from uncomfortable end postures, leading to prolonged error rates or movement preparation times in task conditions ending comfortably. Another possibility, which was indeed observed in study, was that stroke patients (with and without apraxia) would overrely on the end-state comfort effect such that patients showed a greater deficit in task conditions that ended uncomfortably than did healthy volunteers. Errors and MTs in these conditions were more elevated in stroke patients with apraxia compared to healthy volunteers. It is interesting that we did observe this deficit in our patient cohort, despite the fact that they did not appear to have ideational deficits on neuropsychological testing (noting that we had not tested them on multiobject use). Deficits relating to ideational apraxia vary in their definition, creating confusion on whether the disorder is truly separable from ideomotor deficits (Hanna-Pladdy and Rothi, 2001). We would argue that our task suggests an element of ideation deficit in our patients, based on original descriptions of this deficit being related to sequencing and complexity (Poeck, 1986) .
Comparisons of Our Results in Relation to Deficits Pertaining to Ideomotor Apraxia
Ideomotor deficits have been described in the apraxia literature as corresponding to problems in "mechanical problem solving" (Osiurak et al., 2008a; Goldenberg and Spatt, 2009) . These lead to deficits in accurately grasping or manipulating an object despite knowing how to use it (Daprati and Sirigu, 2006) . Recent studies have demonstrated that patients with ideomotor deficits have problems inferring function from object structure, relating to "affordances" (Barde et al., 2007) . Affordances represent a mechanism that triggers actions based on a stimulus-response association, which is dependent on task demands (Balleine and Dickinson, 1998; Bub and Masson, 2010) . Affordances can elicit actions that represent movement preference to an object. In the case of a cup, as used in our experiment, this would be related to a compatibility effect between cup and hand orientation when it is grasped. In our study, both healthy volunteers and patients preferred to grasp the cup from its open end.
Studies in patients with apraxia have shown an overreliance of these patients in compatible (or "afforded") trial conditions. A series of experiments have identified that patients with apraxia show increased deficits when manipulating "conflict" objects, which can elicit different grasp and hand movements, for moving or using them (Jax and Buxbaum, 2013; Buxbaum, 2014, 2015) . Lee et al. (2014) identified that patients with ideomotor apraxia were unable to select actions elicited by object affordances in the presence of distractors. In a similar vein, studies on patients with alien-limb syndrome have shown deficits in performing tasks in which conflicting movements may be elicited by affordances (Riddoch et al., 1998; McBride et al., 2012) .
Summary of the Conditions Causing Deficits in This Task
Our results were able to identify specific task conditions in which deficits were more likely to occur in apraxic patients compared to patients with no apraxia and healthy volunteers. These involved both deficits in processing compatibility and in end-state comfort. When tested on traditional neuropsychological tasks, our patients exhibited predominantly ideomotor deficits. However, the deficits identified in performance of this task were more complicated to interpret and suggest a combination of more generic (complexity-related) and more specific (affordance-and end-state comfort-related) deficits.
Patients with apraxia had greater difficulty in completing actions that ended uncomfortably. This could possibly suggest a generic deficit in complex task performance (Belanger et al., 1996) or in identifying action goals, both of which have traditionally been attributed to ideational deficits (Hanna-Pladdy and Rothi, 2001) .
Conversely, deficits and delays in processing incompatible trial conditions would reflect deficits that have previously been attributed in "mechanical problem solving." These deficits may reflect an overreliance of apraxic patients on afforded trials, at the expense of other trial conditions (Riddoch et al., 1998; McBride et al., 2012; Lee et al., 2014) . This could result from an inability to reprogram an action in relation to its goal instead of its affordance. The other possibility would be that these deficits arise due to a failure to incorporate perceptual features of objects into sequential action goals.
In a study by Bekkering et al. (2005) , patients with ideomotor apraxia made imitation errors due to deficits in implementing action goals, hierarchically. Their deficits were present both when targeting body parts and when targeting objects, which the authors described as demonstrating deficits in a "hierarchy of goals" framework (Grafton and Hamilton, 2007) . In a similar vein, our patients with ideomotor apraxia were compromised when carrying actions that ended in an uncomfortable end state, compared to other groups. However, they were particularly compromised when performing actions that were incompatible. Habitual actions associate stimuli with responses that were previously rewarding (Herbort and Butz, 2011; Voon et al., 2015) . There is evidence that the two (goal-directed and habitual) systems parallel each other (Balleine and Dickinson, 1998; Herbort and Butz, 2011; Dolan and Dayan, 2013) . Our results suggest an interference of one system on the other (Chainay and Humphreys, 2002) .
Taken together, our results have demonstrated that patients with ideomotor apraxia may have deficits in selecting among competing actions elicited by parallel action systems: a perceptual/habitual and a goal-directed system. These deficits are important in terms of identifying how patients with apraxia may fail in activities of daily living . One method traditionally used for rehabilitation of this disorder (West et al., 2008) , namely, errorless learning, could be helpful both in recreating a habitual, stimulus-response, movement repertoire and in enabling this to be more readily incorporated during action sequences.
CONCLUSION
In this study, we investigated the performance of patients with ideomotor apraxia on a task that involved manipulating a familiar object, namely, a cup. We compared their performance with patients who did not have apraxia and healthy, age-matched, volunteers. The task required participants to either lift or turn the cup, which led to comfortable or uncomfortable end states. We observed that patients with apraxia were impaired both when actions were incompatible with the familiar way of grasping the object (its "affordance") and in conditions that ended with an uncomfortable end state, suggesting a deficit in goal-directed actions. Both suggest an increased reliance of patients with ideomotor apraxia on these systems compared to stroke patients without apraxia and healthy volunteers.
Rather than an impairment in representing "affordances, " this study suggests that praxis deficits may affect sensitivity to actions elicited by affordances and goal-directed actions in a dynamic fashion. These system are known to operate in parallel and may be competing at specific times of action implementation (Chainay and Humphreys, 2002; Voon et al., 2015) . Further studies investigating how these interact dynamically, using decisionmaking tasks, would help elucidate the exact deficits observed in these patients.
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